Phosphorus and boron diffusion gettering of iron in monocrystalline silicon
I. INTRODUCTION
Phosphorus diffusion gettering ͑PDG͒ is widely acknowledged as an effective technique to remove detrimental transition metal contamination in silicon technology. In p-type silicon solar cell process, PDG is naturally included in the process to produce the phosphorus doped emitter. However, the gettering mechanism during PDG remains ambiguous and so far no quantitative model for PDG of iron has been presented despite the enormous experimental and theoretical studies on iron in silicon. Therefore, it is difficult to select the annealing conditions for the optimal gettering efficiency during device fabrication. The main problem in quantitative modeling of PDG of iron is uncertainty of physical model for the segregation coefficient to phosphorus doped layer. For instance, Istratov et al. assumed the segregation coefficient of iron in n-Si to equal the segregation coefficient of iron in equally doped p-Si. 1 Seibt et al. used the properties of cobalt to simulate segregation of iron to phosphorus doped layer. 2 Indeed, there is lack of direct experimental data for iron during PDG as it is difficult to measure low concentrations of iron in n-type silicon. Clearly, the published secondary ion mass spectrometry ͑SIMS͒ results for iron during PDG are difficult to use in fitting as the SIMS results reflect a nonequilibrium iron distribution due to segregation to phosphorus layer and precipitation to wafer surfaces during cooling down. Moreover, a poor sensitivity of SIMS does not allow a real detection of gettering time dependency, i.e., it is impossible to detect the change in bulk iron concentration from 10 12 to 10 11 cm −3 by measuring high iron concentrations in the phosphorus layer. Our opinion is that quantitative simulations have to rely on the experimental data measured in the bulk ͑p-Si͒.
In this paper, we describe a general method to determine the segregation coefficient of iron from the PDG experiments. We use the experimental data of Nadahara et al. 3 and Shabani et al. 4 for fitting the model of iron solubility in highly phosphorus doped silicon. We then discuss the physical background of the iron solubility model to highly phosphorus doped wafers in which reactions of ͑i͒ vacancies with interstitial iron and ͑ii͒ substitutional iron with phosphorus are taken into account. Finally, we compare the simulations and experimental results in gettering processes with various times and temperatures.
II. FITTING OF SEGREGATION COEFFICIENT
Segregation of iron to heavily phosphorus doped region is induced by the difference in solubility inside a wafer. We define the segregation coefficient for iron as the relation between solubility in heavily doped phosphorus layer S P ͑x͒ and solubility in low-doped boron substrate S B ,
As the solubility of iron depends on the phosphorus concentration, segregation coefficient becomes a function of distance from the wafer surface. Note that the definition for the segregation coefficient in PDG experiments is not always consistent; for instance, Shabani et al. 4 defined it as the relation between iron concentration in the bulk p-Si before and after PDG anneal. Therefore, special care should be placed on comparison of the results obtained by different authors based on the definition that has been used. We use the following approach to obtain the segregation coefficient for iron in phosphorus layer during PDG. First we assume constant supersaturation, i.e., relation between the dissolved iron concentration and solid solubility of iron, which is valid under steady state conditions. Second, from the conservation of mass it follows that the total iron concentration within the sample must remain constant initially and after gettering anneal. When iron is initially homogeneously distributed throughout the wafer thickness, we get
where Fe init is the initial iron concentration, Fe bulk is the iron concentration in the bulk after gettering anneal, T w is the wafer thickness, and x d is the depth of the phosphorus diffusion junction. From Eq. ͑2͒, we get easily the following:
Using Eq. ͑3͒ we can fit the segregation coefficient to experimental data as all the other parameters are known. We use for the fitting the data published in Refs. 3 and 4, in which the PDG efficiency has been studied at various temperatures and times by measuring iron concentration in the bulk before and after gettering anneal with known phosphorus profiles. Diffusion of high concentration of phosphorus in silicon follows the so-called kink and tail profile, which can be simulated quite accurately using the model suggested by Benzen et al. 5 In this model phosphorus diffuses mainly via self-interstitial mechanism at low concentrations while at high phosphorus concentration diffusivity is associated with doubly negative vacancies. Above solid solubility of phosphorus, the diffusivity decreases due to the formation of phosphorus clusters; however, this has only a minor impact on simulation of phosphorus diffusion. We adopt this model for our simulations for phosphorus diffusion. The time dependency of phosphorus profiles was obtained by fitting the surface concentration of phosphorus to measured SIMS profiles 3, 4 at single annealing time, which is a valid approach according to Ref. 5 . The numerical algorithm, which was used to calculate iron diffusion and segregation, can be found from Ref. 6 .
III. MODEL FOR SEGREGATION COEFFICIENT
We could use in Eq. ͑3͒ a purely empirical form for the segregation coefficient. However, here we want to discuss one relatively simple possibility for the dependence of segregation coefficient on phosphorus doping that we then use later in our simulations.
It is well known that interstitial iron in p-type silicon is a single positively charged Fe ion ͑Fe i + ͒ . In heavily p-doped silicon the solubility of iron is increased due to Fermi-level effect and the pairing reaction of positively charged Fe i + and negatively charged boron atoms ͑B − ͒. In n-type silicon there is not a similar model for the enhanced solubility as Fe i has a neutral charge state making pair formation with ionized phosphorus unlikely. 7 Moreover, recent calculations based on first-principles theory suggest that interstitial iron is unable to create a vacancy to become substitutional. However, if there are pre-existing vacancies present in silicon, interstitial iron can readily interact with them and become substitutional. 8 The previously mentioned model for phosphorus diffusion is based on the assumption of vacancy dominated diffusion in highly phosphorus doped region. 5 Thus, in heavily n-doped region, we can write a reaction
where doubly charged vacancies interact with interstitial iron forming substitutional iron Fe s . We use K eq1 to describe the equilibrium constant of this reaction. The substitutional iron that is formed in reaction ͑4͒ has an energy level close to midgap ͑E c − 0.41 eV͒, 8 which follows that nearly all substitutional iron are negatively charged in highly phosphorus doped silicon. Note that the exact energy level of the substitutional iron does not significantly affect our simulations as long as the Fermi level is above the energy level of doubly charged vacancies ͓E c − 0.11 eV ͑Ref. 5͔͒. The second natural reaction that follows is then
where negatively charged substitutional iron forms a pair with positively charged phosphorus. The equilibrium constant in this reaction is characterized as K eq2 . Combining the reactions ͑4͒ and ͑5͒ and making relatively simple algebraic calculations we get total iron concentration as a function of position in the PDG layer,
͑6͒
where the part in the parentheses represents the segregation coefficient, which is a function of electron concentration n, solubility ͑or supersaturation͒ of vacancies S V , electrically active phosphorus concentration P + , and intrinsic carrier concentration n i . Note that Eq. ͑6͒ does not take into account the exact concentration of neutral and/or single negatively charged vacancies, yet it is valid also in low-doped n-and p-Si, where the general assumption is that iron is mainly in the interstitial site in intrinsic silicon 8 as long as the product K eq1 S V Ӷ 1 when ͓P͔ = 0 and n = n i . Thus, in fitting we have assumed K eq1 S V to be constant ͑1 ϫ 10 −5 ͒, i.e., the activation energy of vacancies and binding energy of substitutional iron compensate each other. The only parameter that remains to be fitted is K eq2 .
Possibilities for several other defect reactions between iron and vacancies have been studied in the literature. 8 Some experimental results support the formation of various phosphorus-iron complexes in n-Si in the case of excess vacancies. 9 Mchedlidze and Kittler also speculated that an injection of vacancies might have an effect on the PDG efficiency 9 which is in line with our model. Estreicher et al. proposed that SiN firing ͑hydrogen passivation of iron͒ might be actually related to injection of vacancies ͑vacancy passivation͒. 8 Thus, the segregation coefficient can be derived using different reactions than presented here. Note that it is evident that a very similar form for segregation coefficient than Eq. ͑6͒ could be found despite which physical reactions are taken into account.
IV. RESULTS AND DISCUSSION
The segregation coefficient of Eq. ͑6͒ is inserted into Eq. ͑3͒ resulting in one fitting parameter, the equilibrium constants K eq2 . All the other parameters such as n i and P + are calculated as presented in Ref. 5 . Figure 1 shows the fitting results in various temperatures as a form of Arrhenius plot. From the figure we can get the following values for the K eq2 : 1.7ϫ 10 19 exp͑1.4 eV/ kT͒. These values are obtained by the least squares fitting to all data points. However, it is evident from Fig. 1 that more experimental results are needed to temperatures below 800°C for getting more accurate values for K eq2 . In addition, the binding energy of 1.4 eV for the Fe s P pair should be considered as an effective value due to the assumption of constant K eq1 S V . This explains the ob-tained effective binding energy of 1.4 eV which sounds a rather high value when compared to e.g., a binding energy of Fe i B pair ͑0.68 eV͒. 8 Now that we have a "universal" segregation coefficient that depends only on the phosphorus concentration, we can simulate the time dependent PDG efficiency. Figure 2 shows a comparison of experimental and simulations of PDG gettering efficiency of iron as a function of gettering time. The lines in Fig. 2 are calculated using fitted values from Fig. 1 . Dashed lines are obtained by simulating phosphorus diffusion and calculating gettering efficiency using Eqs. ͑6͒ and ͑3͒. Full lines are obtained when both phosphorus and iron diffusion are taken into account. The difference between the lines shows that the time evolution of the iron profile during the anneal has to be taken into account especially at short annealing times. However, after long annealing times the as-sumption of constant supersaturation of iron at given temperature seems to be adequate. We have also checked by simulations that the air cooling rate is high enough so that segregation during cooling can be omitted at temperatures of 900°C and below when the fitting is done using measured bulk iron concentrations.
It is well expected that with lower temperatures, as the segregation coefficient becomes higher, the PDG efficiency increases. This is also demonstrated by Shabani et al. 4 Figure  3 shows our simulation results during low-temperature anneals ͑K eq2 is calculated using a fitted line in Fig. 1͒ , which shows that our model is in good agreement with experiments at temperatures above 700°C. Because we have made the fitting at temperatures above 700°C, we cannot expect quantitative results at temperatures below this.
Besides segregation, the phosphorus doping must affect the diffusivity of iron in n-Si. In the above simulations we have assumed the same diffusivity, D i =10 −3 exp͑ −0.67 eV/ kT͒ ͑Ref. 10͒ for iron both in the bulk and in the phosphorus layer. However, use of minimum possible effective diffusivity ͑D eff = D i / k seg ͒, i.e., assuming immobile Fe s , did not have an impact on the simulation results. This can be explained by the fact that the thickness of the gettering layer is in the order of 500 nm while the total wafer thickness is in the order of 500 m. Even with highly decreased diffusivity in phosphorus layer, the diffusion through bulk remains the limiting factor in the gettering process. However, the effective diffusivity is an important parameter as it affects the iron precipitation behavior in the phosphorus layer. 11 We have analyzed also the result of Gilles et al., 12 who measured iron solubility in both highly phosphorus doped and low phosphorus doped wafer at 700°C. Based on their results we get a segregation coefficient of 1200, which is two orders of magnitude smaller than calculated by Eq. ͑6͒ using fitted values for K eq2 . The possible explanation to the disagreement could be a difference in vacancy concentration between PDG and the experimental conditions of Gilles et al. if we consider only a model presented here. On the other hand, the possible gettering effect of phosphorus precipitates, which is proposed to be the main reason for gettering in Ref. 13 , could also explain the apparent disagreement.
V. CONCLUSIONS
We have proposed a model for the segregation coefficient for iron in heavily doped phosphorus silicon and during PDG. The physical background, i.e., reaction of interstitial iron with vacancies, of the proposed model is very closely linked to the recently published model for phosphorus diffusion by Benzen et al. 5 and ab initio calculations of iron reactions 8 with pre-existing vacancies. The proposed physics behind our model, however, needs further examination and experimental evidence. Nonetheless, we have shown that quantitative modeling of the PDG behavior of iron in silicon at temperatures above 700°C is possible. Further we have shown that a fitting procedure described here can be used to fit any physical or experimental model for iron segregation coefficient during PDG.
